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Abstract 
We consider active-sterile neutrino conversions in a supernova in the presence of random magnetic field domains. For 
large enough fields the magnetization of the medium may enhance the active to sterile neutrino conversion rates. Neglecting 
neutrino transition magnetic moments we show that for keV neutrino mass squared ifferences these limits may overcome 
those that would apply in the case of zero magnetic field. 
1. Introduction 
Recently there has been ever growing hints for nonzero neutrino masses from solar and atmospheric neutrino 
observations [ 1,2] as well as from the COBE data on cosmic background temperature anisotropies on large 
scales [ 31. The latter indicate the need for the existence of a hot dark matter component, contributing about 
30% of the total mass density [4]. Simple extensions of the standard electroweak model that can reconcile all 
these hints postulate the existence of a light sterile neutrino vS [ 5-71. In some of these models such light sterile 
neutrino may play the role of hot dark matter [ 5,7]. Models with sterile neutrinos have also been suggested 
to account for the possible existence of keV mass neutrinos [ 81. Although the existing data do not support 
any positive claim, we stress that such neutrinos could well exist. Indeed the only limits on neutrino masses 
of general validity are those coming from direct laboratory searches. For example, the cosmological arguments 
that forbid neutrino masses in the keV range or above are not applicable in models with unstable neutrinos that 
decay via majoron emission [9]. 
So far the most stringent constraints for the neutrino mass matrix including a fourth neutrino species, yS, are 
obtained from the nucleosynthesis bound on the maximum number of extra neutrino species (AN 5 0.3) that 
can reach thermal equilibrium before nucleosynthesis and change the primordially produced helium abundance 
[lo]. This has been widely discussed in the case of an isotropic early Universe hot plasma as well as recently 
for the case of a large random magnetic field that could arise from the electroweak phase transition and act as 
seed for the galactic magnetic fields [ 111. 
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In this letter we would like to consider the effect of a large random magnetic field in a supernova environment. 
The effect of active-sterile neutrino conversions in a supernova has been discussed in the case where no magnetic 
field is present. In this case stringent constraints can be placed on the va H v, oscillation parameters. For the 
case Am2 2 keV2 one can exclude the range [ 121 
2 x low2 2 sin228 2 7 x 10-‘” (1.1) 
In a recent paper [ 131 it was shown that magnetic fields as strong as lOI to 1016 Gauss might be generated 
inside a supernova core due to a small scale dynamo mechanism during the first seconds of neutrino emission. 
If the magnetic field is generated after collapse this field could be viewed as the random superposition of many 
small dipoles of strength lOI to 1016 gauss and size & N 1 km [ 131. 
In this paper we consider the effect of such huge random magnetic fields on the active sterile neutrino 
conversions. We show how such magnetic field can influence the neutrino spectrum in the supernova medium 
and thereby modify the neutrino conversion va + v, rates. We shall confine ourselves to a given random 
magnetic field domain size Z,a, within which the magnetic field may be taken as uniform and constant, so that 
the magnetization of the medium can be calculated easily. Although the magnetic field in different domains is 
randomly aligned relative to the neutrino propagation direction, the observable neutrino conversion probabilities 
depend on the mean-squared random field via a squared magnetization value, therefore leading to nonvanishing 
averages over the magnetic field distribution. We apply this to the active-sterile neutrino conversions in a 
supernova and show how their effect on the cooling rates may enable one to place limits that are more stringent 
than those that apply in the absence of a magnetic field. 
Notice that the effect discussed in our present paper is more general than that which could also exist due to 
nonzero majorana neutrinos transition magnetic moments [ 141 as it would exist even if such magnetic moments 
are neglected. 
2. Magnetization effects on the active-sterile neutrino conversions in a supernova 
In this section we consider the active-sterile neutrino conversions in a supernova core in the presence of 
a strong random magnetic field. We will show here that in a strong magnetic field supernova constraints on 
neutrino oscillation parameters can be more stringent than in the case of zero magnetic field. The problem of 
active to sterile neutrino conversions in a supernova random magnetic field resembles the one considered in 
Ref. [ll]. 
Starting from the general equations of motion for a system of one active (SU(2) @ U( 1) doublet) and one 
sterile (SU( 2) @ U( 1) singlet) majorana neutrinos [ 151 one can write the evolution equation describing their 
propagation in the presence of a large random magnetic field, in terms of weak eigenstates, as 
(c2mf + s2m$) /2q + V,, + A,, csA Va 
scA ( s2m: + c2mz)/2q I( > v, ’ 
(2.1) 
where we have denoted by V,, the vector part of the neutrino potential that will describe the active to sterile 
conversions, given as 
V as M 4 x 10P6pi4( 3Y, + 4Y,_ - 1) MeV. (2.2) 
For a magnetic field in the z-direction the corresponding axial part A,,( q, B) of the neutrino potential that will 
describe the active to sterile conversion is given by 
&,(q, B) = Vaxiai% 
9 
(2.3) 
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where the term V&t = penB produced by the mean axial current is proportional to the magnetization of the 
plasma in the external magnetic field3 and quantity ,~~~,ff is defined, for a degenerate electron gas, as 
eGd-2cA)m 
bMf = JzZT2 
z 4.3( -2~~) x 10-‘3,uuB (2.4) 
Here ,%a = (e1/2m, is the Bohr magneton, CA = TO.5 is the axial coupling specifying the interaction of charged 
leptons with neutrinos in the standard model (upper sign for Y, and the lower holds for yl, and v,) and pi, is 
the electron Fermi momentum, given as 
PF, x 320( Y,pr~)‘/~ MeV. (2.5) 
In the above equations ~7 is the neutrino momentum, ml and m2 are the masses of the neutrinos, 8 is their 
mixing angle and we use the standard definitions A = Am2/2q; Am2 = rn; - rn:; c = cos8, and s = sine. 
In addition ~14 is the density of the stellar core in units p = lOI g/cm3, Y, and Y,, are the electron and ve 
abundances respective1 y.
Notice that we have neglected the possible effect of nonzero transition magnetic moments. As we will see, 
even in this case, there may be a large effect of the magnetic field on the conversion rates. 
From Eq. (2.1) one can easily obtain the probability Pv,_,u, (t) for converting the active neutrinos va emitted 
by the supernova into the sterile neutrinos, v,. In a strong random magnetic field obeying the condition r >> A,,, 
one can write 
P v,-+v, (B, f) = A2~~~2s(l -exp(-A$/2T)), (2.6) 
m 
which describes the aperiodic behaviour of the active to sterile neutrino conversion. The relaxation time defined 
as 
t relax = ‘WA;, = (A;) b/A;r (2.7) 
depends on the mean squared magnetic field parameter 
(2.8) 
where & is the domain size. In Eq. (2.6) the quantity A,,, 
A,,=[(Va,-Acos2fl)2+A2sin228]‘12 (2.9) 
is the standard oscillation frequency in the supernova medium [ 161. 
In order to compare the relaxation time in Eq. (2.7) with the mean active neutrino collision time tcoll = 
r,( B # 0) -I we first write the active neutrino collision rate in the absence of magnetic field, obtained in Ref. 
[12] as 
r,(B =O) 2L 7-5 x Gg lEj2 x _& 
7T mP 
(2.10) 
In the presence of a strong magnetic field B > 2B,, B, = mz/e x 4.4 x 1013 gauss, the neutrino collision rate 
may be estimated as [ 171, 
3 We assume this field to be uniform inside a given domain. 
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T,(B # 0) $, 2B1Ja(B = 0) (2.11) 
As we can see this collision rate could be larger than T,(B = 0) by a factor 2Bi4, where Bt4 denotes the 
magnetic field strength in units of 1014 gauss. 
It is easy to verify that the relaxation time Eq. (2.7) can be much larger than the mean active neutrino 
collision time tcott. This allows us, following Ref. [ 111, to average Eq. (2.6) over collisions so as to obtain 
(2.12) 
Now we come to the issue of the validity of our main formula, Eq. (2.6). For this we evaluate the damping 
parameter r = (A:) &/2 using Eq. (2.8) and Eq. (2.4). We find 
r M 5.3 x 10e6( Y,pt4)2’3B:4 MeV. (2.13) 
Thus we see that the requirement that r > A,, is fulfilled for the case of a strong r.m.s. magnetic field obeying4 
i/6 
B14 > 0.9 x p14 x 
(3y, +4Y,, - 1)“2 
y’l3 
e 
(2.14) 
It has been suggested that very large random magnetic fields as strong as 1014-10’6 gauss may in fact be 
generated inside a supernova core or a nascent neutron star due to a small scale dynamo mechanism that could 
take place after collapse during the first few seconds of neutrino emission [ 131. These authors indeed suggested 
that such field could behave like a random superposition of many small dipoles of strength 2 1014 gauss and 
size Lr, N 1 km. 
Note finally that in the opposite case of weak magnetic fields r -+ 0 the probability Eq. (2.6) coincides 
with the averaged non-resonant MSW result [ 161 
(2.15) 
used in Ref. [ 121 in order to derive constraints on neutrino oscillation parameters in the case of zero magnetic 
field. 
It will be convenient, in analogy to the case of zero magnetic field, P,,a+y, (B --f 0) = sin2 28,/2, to rewrite 
Eq. (2.12) as 
(p”“+P, 
sin2 288 
(B f 0)) = 2, 
where we define the mixing angle in the presence of the magnetic field via 
sin2 208 = 
A2sin22t? x 
2 (A;) raLo 
= 2 sin2 28,. 
We can define a parameter x as 
(2.16) 
x=A;,/2rr,(B # 0). 
Using Eq. (2.11) we can write 
(2.17) 
4 In this estimate we have assumed A,” N V,,. 
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x > 0.5 x 105$(3r, + 4Y,, - 1)2 
N 
B:4Y,2’3 (B&c,) ’ 
(2.18) 
Notice that for a strong enough magnetic field, for instance, a r.m.s. field Bi4 N lo* the r.h.s. becomes less 
than unity if the abundance factor (for (Efoo) = 1, i.e. for 100 MeV neutrino energies) is less than 
(2.19) 
If, on the other hand, the argument in Eq. (2.18) is much less than unity, x < 1, the probability Eq. (2.6), 
averaged over fast collisions, reproduces the result in Eq. (2.12). Notice that the mixing angle in the presence 
of the magnetic field is smaller than with B = 0, as the energy difference between the two diagonal entries in 
Eq. (2.1) increases due to the presence of the extra axial term. Let us now turn to astrophysics. 
3. Supernova constraints 
There are two ways to place constraints on neutrino oscillation parameters using astrophysical criteria, 
depending on the relative value of the sterile neutrino effective mean free path I, = r; * = [P ( Y, + v,) r,] -’ 
and the core radius RcOre, where the effective sterile neutrino production rate r, is the product of the active 
neutrino production rate (which in our estimate we take to be the same as r,) with the active to sterile 
conversion probability. 
If the trapping condition I, 5 R,,, is fulfilled, the Vskrite are in thermodynamical equilibrium with the medium 
and, due to Stefan-Boltzman law, the ratio of the sterile neutrino luminosity to that of the ordinary neutrinos 
does not depend on r,. In this first regime one considers surface thermal neutrino emission and sets the 
conservative limit ( Qs/Qa)max 2 10 in order to obtain the excluded region of neutrino parameters. In the case 
of zero magnetic field one has 
QS sin* 28,, ( 1 
-l/2 
en’ 2 
(3.1) 
which gives the excluded region [ 121 
sin* 28, 5 2 x lo-*. (3.2) 
Another complementary constraint can be obtained from the requirement that in the non-trapping regime the 
sterile neutrino can be emitted from anywhere inside the star volume with a rate 
dQ(B = 0) ~ 4&3 
dt 3 
corenYrrs (Es) N 1.4 x 1O55 sin* 2&i 
s 
(3.3) 
which should not exceed the maximum observed integrated neutrino luminosity. For instance, for the case of 
SN1987A, this is N 1O46 J. The corresponding collision rate should be less than 10&3/s, so that one obtains 
the excluded region [ 121 
sin* 219,~ 2 7 x lo-“. (3.4) 
We now move to the case of strong magnetic field and how the constraints that can be obtained for this case 
compare with those of the case where the magnetic field is absent. For B # 0 we use the known estimate 
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Fig. 3.1. Constraints on active to sterile neutrino conversions from a supernova with a strong random magnetic field. The region of ve to 
vSkrtte drn’ sit? 28 parameters above the dotted line is excluded by supernova cooling rates for aperiodic conversion in a strong random 
magnetic field B = 10n’ gauss. Here we assume Ye N 0.3, Yye ZT 0.06 and core density p = 8 x 1Ol4 g/cm’. For comparison the region 
between the solid lines would be excluded for the same parameters for the case of vn c* vS oscillations in the absence of magnetic held. 
for the active neutrino collision rate f,( B # 0) 5 2BtJa( B = 0) [ 171 and the relationship between the 
corresponding conversion probabilities in order to obtain dQ( B # 0) /dt. The ratio of sterile neutrino volume 
energy losses in the presence and absence of magnetic field may be easily obtained as 
dQ(B = O)/dt 1 
dQ(B # O)/dt N - XB14 ’ 
(3.5) 
where x is the small parameter in Eq. (2.18). From the last inequality we can find a region of abundances 
Eq. (2.19) where our result for the conversion probability Eq. (2.12) is valid (n << 1) so that we obtain the 
excluded region 
(3.6) 
Note that this constraint on the neutrino parameters can be more stringent than that of Eq. (3.4). 
In an analogous way we obtain the ratio of luminosities QS/Qa in the trapping regime (this is independent 
of the active neutrino collision rate r,(B) ) and find that sin2 28~ < 2 x low2 leading, from Eq. (2.16), to a 
new excluded region of the active-sterile neutrino mixing angle 
sin’20, 5 4 x loT2. 
X 
(3.7) 
Note that this constraint on the neutrino parameters can be more stringent than that of Eq. (3.2). In particular, 
for a supernova with strong magnetic field it is possible to exclude all region of large mixing angles, if the 
parameter x in Eq. (2.18) is x 5 0.04. This will be realized for a r.m.s. field Br4 N lo2 [ 131 and mean sterile 
neutrino energy (Eyoo) = 1 if the abundance parameter is less than 
13Y, +4y,, - 11 5 0.3 x Y,$,“! (3.8) 
This condition can indeed be realized for a stage of supernova after bounce [ 12,181. Moreover, this assumption 
is not crucial for us, in contrast to the case of resonant neutrino spin-flip due to a neutrino magnetic moment 
considered in Ref. [ 191. 
We now summarize this discussion with one example. Our goal is to display the above constraints in terms 
of the parameters Am2 sin2 28. In order to do this we use Eq. (2.15) to relate the neutrino parameters in matter 
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with those in vacuum. In Fig. 1 we show the constraints on neutrino parameters that follow from supernova 
cooling rates in the presence of a strong random magnetic field. The region of ye to ~,~tit~ parameters 5 above 
the dotted line is excluded by supernova cooling rates for aperiodic conversion in a random magnetic field 
B = lOI6 gauss. In contrast, in the case of zero magnetic field, for the same parameters only the points between 
the solid lines would be excluded. 
4. Discussion and conclusions 
The possible existence of huge random magnetic fields that might generated during the first few seconds of 
neutrino emission in a supernova modifies the neutrino spectrum due to the magnetization of the medium. 
Averaging the differential equation describing the evolution of the ZJ, -+ v, conversion probabilities over the 
random magnetic field distribution we find a nonvanishing mean squared field effect which may drastically 
change the conversion rates with respect to those which hold in the case of zero magnetic field. This may be 
used in order to derive new and potentially more stringent constraints on the active-sterile neutrino oscillation 
parameters than in the case without random magnetic field. This happens despite the fact that in the presence 
of a large magnetic field the active to sterile neutrino conversion probability is suppressed relative to that in the 
zero magnetic field case due to the larger energy difference between the two diagonal entries in the neutrino 
evolution hamiltonian Eq. (2.1) caused by the presence of the extra axial term. This happens because the sterile 
neutrino production rate could be larger in this case due to effect of the large magnetic field. 
On the other hand the ratio of active and sterile neutrino thermal luminosities does not depend on the active 
neutrino production rate. However, the smaller the conversion probability the larger the sterile neutrino effective 
mean free path and therefore they can leave the star more easily than in the case of zero magnetic field. This 
leads to the possible exclusion of the complete large mixing angle region, as illustrated in Fig. 1. 
Notice that, although majorana neutrinos could have nonzero transition magnetic moments [ 141, we have 
neglected them in our present discussion. As we have seen, even in this case, there may be a large effect of the 
magnetic field on the neutrino conversion rates. The effect which we have found is therefore of more general 
validity than that which could be ascribed to nonzero electromagnetic moments. The latter are expected to be 
small in the simplest extensions of the standard model. 
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